This paper investigates the bivariate dependence structure for three pairs of exchange rates measured against the US dollar: Euro and Japanese yen, Euro and British pound, Euro and Swiss franc, over the period January 1994 to November 2007. The Deutsche mark (DM) is used for the pre-euro period. By using non-parametric plots and copula models estimated by semi-parametric methods, we are able to detect changes in the dependence structure from the pre-euro to the post-euro period for the pairs DM (Euro)-Japanese yen, and DM (Euro)-British pound, with major changes occurring during the initial years of the launch of the new currency. For these two pairs of exchange rates we also capture asymmetric tail dependence, implying different degrees of comovements during appreciations and depreciations against the dollar. The dependence between the DM (Euro) and the Swiss franc remains unchanged, both in strength and structure, over the whole sample period, reflecting a marked tendency of the Swiss franc to follow the fluctuations of the DM and Euro against the dollar. The results may be of interest for international trade, international portfolio diversification and currency risk management.
Introduction
Movements of financial markets can be extremely complex and highly volatile, and are largely driven by continuous global trading activities of major financial institutions and investors. The global currency markets are known to dominate other markets such as stock and bond markets. The average daily turnover of the foreign exchange, or forex, market has been reported to be over US $3 trillion in 2007 (Bank for International Settlements, Triennial Central Bank Survey, 2007) , approximately eight times the total size of all major equity markets. The increased importance of exchange rates, as observed by Copeland (2008) , is the result of "the internationalization of modern business, the continuing growth in world trade relative to national economies, the trend towards economic integration (in Europe, at least), and the rapid pace of change in the technology of money transfer" (Copeland, page 1) . Continuing with Copeland, "whatever the subject under discussion -the outlook for the domestic or world economy, stock markets, industrial competitiveness, even the outcome of the next election -the answer almost invariably turns out to revolve around the exchange rates". Because of its connections to all other financial markets, fluctuations in the foreign exchange market have pervasive effects and are influenced by the behaviour of the many players involved -governments, central banks, large banks, multinational corporations, currency speculators. This study wants to contribute to the understanding of movements and comovements of exchange rates, with an application to some of the most traded currencies in the forex market: the US dollar, the Euro, the Japanese yen, the British pound and the Swiss franc.
More specifically, the primary objective of this paper is to investigate the nature of the underlying dependence structure between pairs of bilateral exchange rates measured against the US dollar -precisely, the Euro (formerly the Deutsche mark) and the Japanese yen (JY), the Euro and the British pound (BP), the Euro and the Swiss franc (SF). The study, based on the theoretical framework of conditional copulas (Patton, 2006) , is conducted before and after the introduction of the Euro in order to assess whether the launch of the new currency -and the uncertainty associated with the initial transition period -has had an impact on the nature of dependence between the exchange
rates.
An issue that has received considerable attention in recent years is measuring the dependence in international financial markets during extreme fluctuations. For example, stock returns appear to become more related when they are large and negative (lower tail dependence) than when they are large and positive (upper tail dependence), a phenomenon which is known as financial contagion and which cannot be captured by simple correlation (see, for example, Ang and Chen, 2002 , Login and Solnik, 2001 , Granger and Silvapulle, 2001 and references therein). Copulas are emerging as attractive models for capturing and measuring various forms of dependence, and have found useful applications, especially for the analysis of the behaviour of returns on financial assets (a partial list of recent contributions includes Bouyé and Salmon, 2002 , Ang and Bekaert, 2002 , Jondeau and Rockinger, 2006 , Campbell et al., 2008 , Sun et al., 2008 .
The use of copulas to study exchange rate dependence is more recent, and still very limited (see Patton 2006 , Hurd, Salmon and Schleicher, 2005 , Dias and Embrechts, 2007 . Several suggestions on possible sources of asymmetric exchange rate dependence have been proposed in previous studies. As reported in Patton (2006) , asymmetric dependence between exchange rates may reflect asymmetric responses of central banks to exchange rate movements. More precisely, it is suggested that possible asymmetries may arise depending on the relative weight put by central banks on two main objectives: maintaining competitiveness and preserving price stability. A preference for price stability would induce a central bank to intervene in order to match the appreciation of other currencies towards the US dollar, for example. On the other hand, a preference to defend competitiveness would induce central bank intervention to match depreciation when other currencies depreciate against the dollar. Thus exchange rates may show stronger dependence during periods of large depreciations or appreciations than during normal periods. Asymmetric dependence between exchange rates may also be generated by currency portfolio rebalancing activities involving shifting funds from other currencies to the dollar when the latter is strong, and from the dollar to the next most important currencies when the dollar is weak, therefore resulting in greater dependence between currencies in the first instance than in the second. These phenomena and the risk associated with exchange rate fluctuations have economic and financial implications for international trade, international portfolio diversifications, and can have huge effects on "carry trade", a strategy in which investors borrow funds in the currency of a country that has low interest rates (such as Switzerland and Japan) and invest these funds in a country with high interest rates. See also Sarno and Taylor (2002) for a comprehensive survey of the theoretical and empirical literature on foreign exchange market intervention.
In this paper we use non-parametric plots and copula models estimated by a semiparametric method to assess the presence of dependence and tail dependence between the three pairs of exchange rates described above, over the period 2 January 1994-2
November 2007. According to Sklar (1959) theorem, any n-dimensional joint distribution function may be decomposed into n marginal distributions and a copula, a function which completely characterises the dependence among the n variables (see Joe, 1997 and Nelsen, 2006 for a detailed treatment of copulas). The standard Pearson correlation cannot capture complex dependence structures, as it is only a symmetric, linear dependence metric. The attraction of the copula method comes from its flexibility, enabling representation of the joint distribution and dependence structure between random variables even when their marginal distributions are non-elliptic and each margin has a different distribution, and from its ability to separate the measure of dependence from the marginal distributions. Another attractive feature of this approach is its invariance property by which the copula and the association parameter are invariant under continuous and monotonically increasing transformation of the marginal variables.
This means that the same copula may be used for the joint distribution of exchange rates and of exchange rate returns. Estimating copula models typically involves two stages:
first the estimation of the margins, then the estimation of the copula, to obtain a measure of the dependence between the margins. In practice, neither the underlying margins nor the copulas (multivariate distributions) are known to researchers and they can be unwittingly misspecified.
One of the distinctive features of our paper is the use of a semi-parametric approach for modelling copulas, whereby the marginal distributions are assumed to be unknown and estimated by a non-parametric method, while Maximum Likelihood Estimation (MLE) is used for the copulas. Our approach is based on an extension of Genest et al. (1995) and is inspired by recent findings by Kim et al. (2007a, b, and 2008) who show that the semiparametric estimation method for modelling copulas is robust when the margins are misspecified, and establish its superiority over fully parametric counterparts, such as Inference Function and MLE methods.
Briefly stated, our results can be summarised as follows. For the first two pairs of exchange rates, DM (Euro)-Japanese yen and DM (Euro)-British pound, we are able to detect changes in the dependence structure over three distinct periods -pre-euro, transition and post-euro period -where the transition is defined as the period during which the national currencies were still used in parallel with the new currency for domestic transactions. For these two pairs of exchange rates we also capture changes in tail dependence, implying different degrees of comovements during appreciations and depreciations against the dollar. For the third pair of exchange rates considered in this study, the DM (Euro) and the Swiss franc, we find that the conditional joint distribution and the implied dependence remains unchanged, both in strength and structure, across the three subsamples, reflecting a marked tendency of the Swiss franc to follow the fluctuations of the DM and of the Euro against the dollar. This paper is planned as follows. Section 2 introduces the methodology used in our analysis, namely, non-parametric graphical methods -chi and K-plots -based on concordance metrics that are closely related to copulas, standard copula models that have recently become very popular in empirical studies, and a semi-parametric estimation method for copulas. Section 3 describes the exchange rate data series and their properties.
Section 4 compares the chi-and K-plots of simulated data with those of the observed exchange rate returns series and reports the results of the estimated bivariate copulas for the three pairs of exchange rate returns. Section 5 discusses the implications of the findings and concludes.
Methodological issues
In this section, we outline the non-parametric plots employed to assess the significance of dependence and tail dependence; some standard copula functions that have been widely used in recent studies in empirical finance, and a semi-parametric approach for copula modelling.
Nonparametric plots for assessing dependence and selecting suitable copulas
The chi-plot and K-plot are rank-based graphical methods which can be used in conjunction with a scatterplot of the raw data to detect possible association between two variables. Both procedures share the key property of invariance with respect to monotone transformations of the marginal distributions. In what follows we will briefly discuss the concepts used in the chi-plot and K-plot and outline the hypotheses and test statistics used in these plots.
Chi-Plot
The chi-plot, developed by Fisher and Switzer (1985) , is based on the transformation of n pairs ( , )  ), and may be useful in the identification of the copula underlying the data (see Genest and Boies, 2003) .
To describe this method, let
n n X Y X Y  of size 2 n  be a random sample from a continuous bivariate cumulative distribution H . Further, let F and G be the marginal n (2003) and Switzer (1985, 2001 ).
Kendall-Plot
Genest and Boies (2003) proposed an alternative rank-based procedure, known as the Kplot, which adopts the familiar concept of probability plot (the Q-Q plot) to the detection of dependence. A lack of linearity of the standard Q-Q plot is an indication of nonnormality of the distribution of a random variable. Similarly, in the absence of association, the K-plot is close to a straight line, while the amount of curvature in the plot is characteristic of the degree of dependence in the data, and is related in a definite way, to the underlying copula. This method is closely related to the Kendall's  -statistic (Kendall 1938) , from which it takes the name.
To define the K-plot, consider the probability integral transformation of the component
Typically, the marginal distributions ( ) F X and ( ) G Y are unknown, so plots of the pairs of the empirical distributions( ( ), ( )) 
Copula specifications
The chi-plot and Kendall-plot introduced above can reveal complicated dependence structures and are directly related to the concept of copula. Copulas are flexible tools for constructing joint distributions and provide information about dependence. To model the conditional dependence between pairs of exchange rates, we employ various copula functions that are frequently applied in finance, offering different dependence structures.
These include elliptic copulas (Normal and Student t), Archimedean copulas (Clayton and Gumbel) and the symmetrised Joe-Clayton copula. The elliptic copulas impose a symmetric dependence structure, while the other specifications allow for some degree of asymmetric dependence in either direction, that is, joint negative events (lower left quadrant) are allowed to be more or less dependent than joint positive events (upper right quadrant). Below we give a brief description of these copula functions, while more details can be found in Joe (1997) and Nelsen (2006) , among others. See also Patton (2007) for an excellent review of the literature on copula models for financial time series.
Elliptic Copulas
The Gaussian or Normal copula is defined as:  is the inverse of the univariate standard normal distribution function (cdf). The normal copula distribution is expressed as follows:
where XY  is the copula parameter ( 1 1
The Normal copula allows for equal degrees of positive and negative dependence and has the property of asymptotic independence, that is extreme events occur independently in each margin, no matter how high is XY  .
The Student copula is extracted from the bivariate Student t distribution, and takes the
where 1 t   denotes the quantile function (inverse of the cdf) of the standard univariate t distribution with  degrees of freedom, and  is the correlation coefficient.
The Student copula has received much recent attention for modelling financial returns, for its ability to capture (better than the Gaussian copula) the dependence of extreme values, a phenomenon typically observed in financial return data. Specifically, the Student t copula displays symmetric tail dependence and asymptotic upper tail dependence, even for zero or negative correlation, with dependence rising as  decreases and the margins become more heavy-tailed (see Embrechts et al. 2002) .
For all elliptical copulas the relationship between the Kendall's tau  and the copula parameter XY  is given by sin 2
Some Archimedean copulas
Archimedean copulas have a variety of dependence structures. These copulas may be expressed in the following form:
where  is a generator function known as Archimedean generator for : I     that is continuous, decreasing, convex and satisfies (1) 0   . We consider two copulas with asymptotic tail dependence: Clayton (1978) and Gumbel (1960) and their respective survival copulas.
The Clayton copula is defined as:
where the parameter  has range  
The Gumbel copula is defined as: 
The symmetrised Joe-Clayton copula
The symmetrised Joe-Clayton copula (SJC) was proposed by Patton (2006) as a modification of the "BB7" copula of Joe (1997) , defined as:
, and (0,1) 
   as a special case (see Patton, 2006 , for details).
Semi-parametric estimation of copulas
Various methods have been followed to estimate copulas. The most direct estimation method is simultaneous estimation of all parameters using the full maximum likelihood approach (FML). A second method follows a sequential two-step maximum likelihood approach (TSML), in which the marginals are estimated in the first step, and the dependence parameter is estimated in the second step using the copula. This second method has additional variants according to whether both steps are implemented parametrically (either with ML or Inference Function methods), non-parametrically, or semi-parametrically. Moreover, there are variants of this two-step approach depending on the method used to estimate the variance of the dependence parameter in the second stage.
In this paper we adopt a two-step method which enables us to exploit the attractive feature of copulas for which the dependence structure is independent of the marginals.
This method, described in detail below, is a natural extension of the method proposed by Genest et al. (1995) for independent and identically distributed observations.
Specifically, we implement a semi-parametric (SP) method in which a non-parametric method is used to estimate the marginal distributions in the first stage, while a parametric method is used to estimate the copula in the second stage. Since our interest is in conducting statistical inference on copula and tail dependence parameters, the use of parametric copulas would permit this (see Kim et al. 2007a ).
Copulas were originally developed for margins with i.i.d. observations. It is well known that time series, in particular high frequency series, are serially correlated and highly volatile, following ARCH/GARCH-type processes. In such cases, however, it has been shown that margins for i.i.d. can be replaced with those for ARMA-ARCH/GARCH filtered residuals (see, Kim et al., 2007b Kim et al., , 2008 , and the references therein).
In our analysis, we fit univariate ARMA-GARCH models on the individual exchange rate returns, assuming normality. We then estimate empirical distributions on the n filtered c  stands for the density of the parametric copula family. We consider several copulas, with one or two parameters, capturing symmetric and possible asymmetric dependence, and select a suitable copula based on the Akaike Information
Criterion and the goodness of fit test proposed by Breymann et al. (2003) . From the selected copula we then obtain estimates of the corresponding lower and upper tail dependence parameters for the joint distribution of the exchange rate pairs. Standard errors are estimated using the estimator given in Genest et al. (1995, section 3) .
Fully parametric estimation methods such as Inference Function (IF) and MLE have been
proved successful for copula estimation in several studies (see, for example, Patton, 2006 and Rodriguez, 2007) . However, in practice, the true margins are largely unknown to researchers, so testing for marginal distribution model misspecification is critical in fully parametric copula estimation, as misspecification of the margins would result in a misspecified copula model. One of the attractive properties of the semi parametric method implemented in our study is that the time series structure ARMA-ARCH/GARCH can be estimated simply assuming normal distribution. Each marginal distribution is estimated nonparametrically by the empirical distribution function, thus allowing the distribution of the marginals to be not restricted by parametric families. Kim et al. (2007a Kim et al. ( , 2008 have shown that the semi parametric method implemented in our study is robust when the margins are misspecified and as efficient as MLE in moderate sample sizes (greater than 100). As financial markets provide high-frequency data with large sample sizes, semi-parametric methods provide an attractive approach to investigate the dependence structure in the exchange rate returns.
The exchange rate data series
In this study we use daily data for four currencies: Euro (DM before 1999), British
Pound, Swiss Franc and Japanese Yen. All currencies are measured against the U.S. refer to these sub samples, respectively, as the pre-euro period, the transition period (during which the national currencies were still used for domestic transactions), and the post euro period (disappearance of the national currencies).
The time series plots of each pair of exchange rates are given in Figure 1 , while Table 1 reports the summary statistics of the exchange rate returns for the three sample periods.
The DM(Euro)/USD shows an upward trend (depreciation) during the transition period, followed by a downward trend thereafter (a tendency towards appreciation). Similar patterns -a tendency towards depreciation in the transition period and appreciation in the post euro period -are displayed by the BP/USD, while the movements exhibited by the BP/USD and the DM/USD in the pre-euro period are less related, as also documented by the Pearson's correlation coefficient reported in Table 1 . The fluctuations of the DM(Euro) are mimicked very closely by the Swiss franc over the whole period, and this similarity is also reflected in the summary statistics for the marginal distributions of the exchange rate returns across subperiods. The JY/USD and the DM(Euro)/USD exchange rates show some close degree of comovement in the pre-euro and post-euro periods, while they appear to be more unrelated during the transition period. From Table 1 In what follows, we investigate these relationships by modelling copulas and estimating the corresponding dependence and tail dependence parameters.
Empirical results
In this section we construct chi-and K-plots for the data generated from the copulas outlined in section 2.2, and for the bivariate exchange rate returns (Euro, JY), (Euro, SF) and (Euro, BP) for three sample periods (pre-euro, transition, post-euro). We use semiparametric estimation methods for copula modelling and information criteria and goodness-of-fit tests for selecting suitable copulas.
Results of Chi-plots and K-plots

Plots for simulated data
To identify suitable copulas that capture the underlying tail dependence in the exchange rates, first, we adopt a graphical device and study the shapes of chi-and K-plots produced from simulated draws from the copulas specified in section 2.2. Then we compare the plots of the simulated data with those of the exchange rate returns. In simulating data from copulas, we set the values for Kendall's  and sample sizes to be the same as those reported in Table 1 for the exchange rates series over the three sample periods. Given these Kendall's  values, the corresponding copula parameters can be computed. By inspection, we choose copulas that produce plots which closely match with those The chi-plot for the Student t copula has observations clustered in a wider area on the right hand side of the plot, compared with that for the normal copula, and the plot does not converge to zero. These results indicate the presence of both upper and lower tail dependence. The distinct difference of the K-plot for the Student t copula is that the line at the very top right and bottom left corners does not converge to the diagonal line, confirming the presence of upper and lower tail dependence.
The chi-plot for the Clayton copula exhibits an interesting pattern following two separate directions on the right hand side of the plot: one branch of the plot converges to the horizontal line, while the other moves upwards, with this separation being more prominent when  is as large as 0.8. The K-plot exhibits a curve that is clearly further away from the diagonal line in the lower part of the plot, whereas at the top end of the plot the curve touches the diagonal line, indicating absence of upper tail dependence.
The chi-plot for the Gumbel copula, on the other hand, exhibits observations which do not converge to the horizontal line on the right hand side of the plot. The K-plot clearly shows that at the origin, the curve touches the diagonal line, indicating absence of lower tail dependence, while the upper part of the curve does not touch the diagonal line, indicating upper tail dependence.
The chi-plot for the SJC copula shows that observations are not distributed along the rotated bell-shaped area on the right hand side of the plot, which does not converge to zero. Further, the K-plot does not converge to the diagonal line, indicating presence of lower and upper tail dependence. Further, contrary to the t-copula, the SJC copula can capture the asymmetry in the upper and lower tail dependence. For a given sample size, the shape of these plots changes considerably as  increases.
Plots for real data
Figures 4-6 report the chi-plots and K-plots to assess the bivariate dependence between the DM(Euro)/USD and each of the other three exchange rates (JY/USD, SF/USD, BP/USD) for the pre-euro, transition and post-euro sample periods. 
Conclusion
In this paper we used nonparametric plots, copula models and semiparametric estimation method in order to analyse the dependence structure between the DM(Euro)/USD and each of the following bilaterals: BP/USD, SF/USD and JY/USD, over the period January 1994 to November 2007. These methods have revealed more complicated types of dependence than simple linear association.
As discussed in Patton (2006) , while various explanations for the presence of asymmetric dependence between equity returns have been offered in the literature, the possibility of asymmetric dependence between exchange rates has been given much less attention.
Following the discussion in Patton (2006) , possible asymmetries may arise depending on the relative weight put by central banks on two main objectives: maintaining competitiveness and preserving price stability. A preference for price stability would induce a central bank to intervene in order to match the appreciation of other currencies towards the US dollar. On the other hand, a preference to defend competitiveness would induce central bank intervention to match depreciation when other currencies depreciate against the dollar.
Our findings seem to support the conjecture that the Bank of Japan was more interested in defending price stability in the post-euro period (by intervening to appreciate the yen whenever the euro appreciated against the dollar), while it was more concerned about maintaining export competitiveness before the introduction of the euro (by inducing depreciation of the yen against the dollar to ensure a matching with the depreciation of the euro). Moreover, while there is significant evidence that the pair Euro/USD-BP/USD have been linked to one another with increasing strength over the post euro period and with stronger dependence during depreciations than appreciations, for the pair Euro/USD-SF/USD the evidence of comovements is much more compelling, a result which can be of interest when addressing issues related to the degree of independence of Swiss monetary policy relative to the ECB and to the Bundesbank in the past.
Understanding the nature of the conditional dependence between foreign exchange rates and changes in its structure over time is of relevance for financial decisions related to currency portfolio management and international portfolio diversification exposed to the risk of exchange rate fluctuations. Note: An asterisk (*) indicates that the null hypothesis is rejected at the 5% significance level. Breymann et al. (2003) . 
